This paper studies and formulates the workspace of laparoscopic extenderse.g. graspers, needle drivers, scissors etc.with exible stems, that provide additional DOF, and dexterity at the surgical sight. Optimization techniques are used to synthesis the designs of exible stems. The dexterous workspace is determined for 3 di erent t ypes of designs. By de ning a new dexterity measure the number of joints for each design is optimized. Also, the three designs are compared with each other and the most dexterous designs are determined.
Introduction
Endoscopic surgery is a less invasive method of surgery as compared to the open surgery, and has many advantages such as; Shorter recovery time.
Lower risk of infection. On the other hand, indirect vision, limited hand movement and lack of force sensing, combined with the tiring posture of holding long tools makes it a very di cult task for the surgeon to perform Tendick, et al., 93 Faraz, et al., June, 95 . Consequently of these di culties, the surgeon has a fraction of dexterity and sensing of that of the open surgery. This is specially the case in laparoscopic surgery which is a speci c branch of endoscopic surgery, and is performed on the abdominal part of body Fig.1 .
There have been some developments of new endoscopic surgical tools, vision systems and a few robotic assisting devices Rininsland, 93 Melzer, 93 Neisius, et al., 94 Taylor, et al., 95 . However there exists a great demand for research in the development of mechanisms and systems to answer some of the basic needs of surgeons.
In the laparoscopic surgeryas a speci c branch of endoscopic surgery, tools and the endoscope are passed through the incision points and trocars on the abdominal wall, so they can reach the surgical site. In laparoscopy the abdominal wall, as a kinematic constraint, acts as a pivoting point it permits 3 DOF of rotary movement around the incision point, as well as one translational DOF. This spherical movement of tools by the surgeon is the inherent and primary constraint of laparoscopic surgery, and should be considered prior to any analysis and design of tools and systems. The dexterity problems associated with laparoscopic surgery arises from the fact that the present rigid stem tools can approach the surgical site with some x orientation determined by the connecting line between the position of surgical site and the port of entry. Lack of 2 DOF at the tool's stem to orient the tools tip to the desired orientation near the surgical site, prevents the surgeon to have the required dexterity and agility. By adding rotary joints on the stem the required exibility i n orienting the tool can be achieved. However, the challenge is to synthesis the exible stem so that it can provide the required r ange of rotation over the largest workspace. This paper studies workspace of exible laparoscopic extenders to devise a criterion to determine the optimum type of design.
In the next section, as part of the design synthesis, alternative designs of exible stems are described. In section 3 and 4 workspace study, a s w ell as optimization of exible stems are performed. The results of optimization are used to evaluate the di erent t ypes of exible stem designs in section 5. The tendons movements can be generated by a master mechanism at the handle which can be actuated by the surgeon's ngers. The di culty lies in friction modeling Faraz, etal. May, 95 Faraz, etal . Submitted July,95 of the spherical joints and control of tension in tendons for moving and locking the joints.
Synthesis of Flexible Laparoscopic Extenders
Finally, w e need to know what number of joints is optimum for multi-joints designse.g. design 2, and 3. This is related to the number synthesis of the design Shigley,etal., 1981 which is a main goal of this study.
Laparoscopic Workspace Formulation
For any robotic arm or manipulator being able to reach a prescribed workspace" is an important and essential requirement, which should be studied from the early stage of design. The classi cation of workspace by P ark, 1995, into two classes of a Reachable Workspace, and b Dexterous Workspace are de ned as: Given a special point P attached to a manipulator's end e ector, such as the point o f i n tersection of the wrist axes, the reachable workspace is de ned to be the set of points in physical space that can be reached by point P . The dexterous space on the other hand is the set of points that can be reached by P with arbitrary orientation of the end-e ector."
This classi cation is very useful and subsequently applied in our speci c study of exible stems.
Basically in laparoscopy due to kinematic constraints at the incision point, the 
Design:
L E l e ; minimum size of intermediate links.
L N l n ; minimum size of end link.
max ; maximum range of joints de ection. N n; feasible range of joints number.
Based on the type of design the parameters max ; l n ; l e , and n are the limiting values of variables , L N , L E , and N. F or the three types of designs considered here, these parameters are given in 
Results
The proposed formulation has been solved for 546 points of workspacei.e. a 2621 mesh of 3 increments in direction, and 10mm in R direction. For design 1, ' vs.
and R is shown in Fig.6 . This illustrates that ' increases as R increasesthis is expected since the tool would have more room for bending as it penetrates deeper.
However, as increases, ' remains constant rst, and then it deceases sharply as soon as the base of stem reaches the angular limit of i.e. 75 .
Same trend for ' is observed for all three designs with di erent ranges and maximum limits of '. In some cases, the range of ' is from 0 to maximum value of 120 for some designs. However a exible stem could be considered dexterous only if it can approach a given coordinates R; with a minimum approach angle ' min in the range of 30,90 , depending on the required level of dexterity this limit could vary in that rangei.e. 30 , 90 . The average value of ' min = 6 0 is chosen to be the range for the minimum approach angle of the tool to a given coordinates R; .
Therefore by c hoosing the minimum limit of 60 for angle ', in Fig.6 , only the portion of workspace which i s a b o v e the limit i.e. ' 60 can be considered as the dexterous workspace. The top view of this dexterous workspacei.e. R vs. is shown in Fig.7 in comparison to the total reachable workspace.
Same procedure is performed for design 2 with 2,3, and 4 joints, and for design 3 with 3,4, and 5 joints as shown in Fig.8 , and 9. This provides the basis for comparison of their dexterous workspace with di erent n umber of joints as the criterion for number synthesis of these designs. For example, the ratio of the shaded area to the rectangular area is the dexterity measure of design 1 for the planar workspace shown in Fig.7 Table 2 : Dexterity measures of design 1, 2, and 3.
Based on the calculated dexterity measures in Table 2 , and Fig.s 8, 9 , and 10, following conclusions regarding di erent designs could be made:
Design 2 has the highest dexterity with 3 joints.
Design 3 has the highest dexterity with 4 joints.
Design 3 is the most dextrous compared to other two designs.
For relatively deeper operating siteswhere R 130mm, design 1 provides same dexterity as design 3Fig.10, while in comparison with design 3, it is much simpler in design and easier to actuate.
Design 2 does not have a n y dexterity advantage compared to other designs.
Based on the approach of this work, following general conclusions could also be made:
This formulation can be used for any manipulator or robot with the same con guration as the endoscopic exible extenders, to obtain its dexterous workspace.
The global dexterity measure de ned in this work is a simple but e ective w a y to compare dexterous workspace of di erent manipulators and robots.
